ABSTRACT This paper presents a method of binocular visual stimulation for brain-computer interfaces (BCIs) based on steady-state visual evoked potentials (SSVEPs) using phase-coded symbols. The proposed method's emphasis is on a binocular phase-coded visual stimulus, which is based on the phase differences between the left-and right-eye stimuli, and a symbol detection and recognition procedure based on SSVEP response of the left and right occipital lobes of the user's scalp, where the SSVEP response is obtained as electroencephalography (EEG) signaling. The symbols are coded as phase differences and maintain the same frequency of the sine wave-modulated light provided to the user's left and right eyes as a binocular visual stimulation. Based on this method, a basic system setup is presented to explore the possibilities of binocular phase-coded visual stimuli for virtual or augmented reality applications, where the binocular visual stimulation was achieved by the specially designed head-mounted displays. Multiple visually coded targets are realized as eight different phase-coded binocular symbols and further evaluated as a random sequence of single targets, thus representing the situations in virtual or augmented reality, where multiple visually coded targets are present but not visualized to the user simultaneously within the same field of view. The offline results obtained from ten healthy subjects revealed that an average symbol recognition accuracy of 90.63% and an information transfer rate (ITR) of 70.55 bits/min were achieved for a symbol stimulation time of 2 s. The results of this paper demonstrate the feasibility of using binocular visual stimuli for SSVEP-based BCIs, where reasonable ITR is achieved using single-frequency binocular phase-coded symbols. The proposed method indicates the possibility of combining it with 3D wearable visualization technologies, such as binocular head-mounted displays (HMDs), in order to improve the intuitiveness of the interaction with more immersive user experience using BCI modalities.
I. INTRODUCTION
In general, a brain computer interface (BCI) is a system that allows humans to communicate with a computer by using brain signals, where the signals are acquired and translated into certain commands. In such a way a BCI system can serve as an alternative method or augmented feature of humanmachine interaction using a new channel of direct communication between the brain and the outside world [1] , [2] .
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Electroencephalography (EEG) provides a non-invasive method of acquiring electrical potentials from the surface of a human scalp, and is usually more favorable due to its simple and safe approach [3] . There are several types of EEG activities which can be utilized as input features for BCI systems, e.g. slow cortical potentials, oscillatory EEG activity, P300 potential, and visually evoked potential [4] . The selection of an appropriate input feature typically depends on the purpose of the application, where the steady-state visually evoked potential (SSVEP) has become one of the more promising modalities for non-invasive BCI systems as it requires a simple system configuration and a short training time, and in addition provides a high information transfer rate (ITR) not only in laboratory, but also in realistic environments [5] . Applications using SSVEP based BCIs can be used to enable the user to perform discrete actions using binary target selection, but also offer the possibility of analogue control that allows the user to perform actions that are directly proportional to a user's intent [6] .
With the development of three-dimensional (3D) visualization technologies, wearable personal display systems like binocular head-mounted displays (HMDs) are becoming state-of-the-art devices that enable users to have an immersive experience. In spite of the fact that such devices have already started to be successfully deployed on a fast growing market, the expectations of consumers are becoming even higher, while the basic limitations still exist regarding the multimodalities of interaction [7] . From this point of view visual stimulation using binocular HMDs could be seen as a key feature for combining multimodal wearable computing with binocular SSVEP-based BCI in order to establish an additional modality for more intuitive interactions.
The aim of the work presented was to investigate the feasibility of combining a SSVEP-based BCI with binocular visual stimulation using phase-coded information for multiple targets, and to demonstrate the operation of the proposed phase-coded binocular visual stimulation by measuring the ITR of multiple randomly visualized targets in series on a conceptual BCI system (Fig. 1) .
In most of the published research on SSVEP a frequency coding approach has been used, where each symbol is coded with a single frequency. Typically, several different frequencies have been used like 13 Hz, 14 Hz, and 15 Hz, where each one of them represents one symbol that is later translated into one of the defined commands or actions of the BCI [8] . The user chooses the desired action by focusing on a particular symbol within the set demonstrated on an LCD monitor. The experimental results of such a frequencycoded visual stimulus show an ITR of 49.79 bits/min and a recognition rate of 92.69%. Some further investigations focused on using multiple bits or frequencies at the same time, which would increase ITR by n-times using n-bits simultaneously [9] . Measurements showed the possibility of concurrent visual stimulation using two signals of different frequencies. Similarly to this, authors in [10] presented an approach, where two signals of different frequencies and different colors were used to construct the visual stimulus. The presence of both frequencies and their higher harmonic components was detected within the obtained SSVEP.
Methods for increasing the number of visual stimuli are necessary, particularly when visual stimuli are presented through a computer monitor with limited available stimulation frequencies [11] . An average ITR of 33.26 bits/min and an average accuracy of 87.23% were achieved by combining four different stimulation frequencies into ten visual stimuli, which evoked distinct SSVEP responses [12] . Another possibility to mitigate the limited range of frequencies is to apply coding method using simultaneous modulations of stimulus luminance and color at different frequencies to induce intermodulation frequencies [9] , [13] , [14] .
Furthermore, phase coding was explored with a limited stimulation device using targets flickering at the same frequency but with different phases, where more symbols could be encoded under the same conditions and shorter symbol times could be achieved [15] . In general, the results indicate that the reliable measurement of phase information is of importance in SSVEP-based BCIs [16] .
In cases, where number of visual stimuli is not limited to the stimulation device, the SSVEP responses can be elicited from a larger set of different frequencies. A study of adopting a QWERTY style layout keyboard with 30 lightemitting diodes (LEDs) flickering with different frequencies is reported, where SSVEP responses elicited by visual flickering stimuli with a frequency resolution of 0.1 Hz could be classified with an average classification accuracy of 87.58% and an average ITR of 40.72 bits/min [17] .
The amplitude frequency characteristic of SSVEP obtained using white light stimulus shows a peak value at 15 Hz, while most of the electrical brain activities are present under 13 Hz [18] . In general, SSVEP responses in the lowfrequency range have larger amplitudes than those in the high-frequency range, which makes the detection of SSVEP responses easier and produces higher accuracy and higher ITR up to 124 bits/min [19] . Therefore, frequencies below 13 Hz are often utilized in SSVEP-based BCIs [17] , [20] . The visual stimulus within this low frequency range can trigger seizures with epileptic patients, and beside this a long lasting exposure to this type of blinking is not very pleasant for the user. Higher frequencies above 30 Hz can be used in order to avoid this. An interesting comparative study was conducted using a lower (13 Hz, 14 Hz, 15 Hz, and 16 Hz) and higher frequencies system (34 Hz, 36 Hz, 38 Hz, and 40 Hz) [21] . Four LEDs were used for visual stimulation, where each one of them represented its own action for controlling a robot inside the labyrinth. The testing time lasted 24 to 25 min and 68 subjects participated in this study. The participants VOLUME 7, 2019 complained of having unpleasant feelings and senses of sickness when using the lower frequency system, while this was not the case for the higher frequency system, where such responses were not received. At this point it is interesting to note that 97.67% of users were able to control the robot using lower frequencies, compared to only 65.12% when using the higher frequencies' system. However, at the higher frequencies a decrease in amplitude of SSVEP response could be noticed which lowers the signal to noise ratio (SNR) and consequentially influences any successful symbol detection.
In general the SSVEP response contains both frequencies and their higher harmonic components. Limitations of using multiple frequencies within visual stimulation led to exploring phase coding as an option [22] . A SSVEP-based BCI with four symbols is described that uses phase-coding instead of frequency coding approach, where the symbols are defined using a phase shift of 90 degrees. The experimental results of this work show that an average ITR of 24.67 bits/min and average symbol recognition rate of 89.29% were achieved. Furthermore, a heterogeneous visual stimulus was explored that was based on phase and frequency coding, where five phases at three different frequencies were used [23] . The experimental results showed that a combination of phase and frequency coding had a reasonably positive effect on ITR at an average of 66.5 bits/min.
Recently, frequency coding methods increased the number of targets on a conventional LCD screen. A 45-target BCI speller was implemented using sampled sinusoidal stimulation with a frequency resolution of 0.2 Hz, reaching an average accuracy of 84.1% and the corresponding ITR of 105 bits/min for symbol stimulation time of 2 s [24] . Similarly, a 40-target BCI speller using filter bank canonical correlation analysis achieved an ITR of 151 bits/min [25] .
All the previously mentioned approaches explored the SSVEP response obtained by providing the same visual stimulus to both eyes simultaneously. Binocular vision normally converges into a single interpretation of the visual world with additional depth information based on stereoscopic correspondence. Nevertheless, when two discrepant monocular images are presented to eyes the rivalry for perceptual dominance arises such that only one monocular image is perceived at time, while the other is temporarily suppressed from awareness [26] . However, this phenomenon of binocular rivalry seems to occur automatically and is very subjective and cannot completely reflect the real perceptive alternations because of manual reaction time. The SSVEP responses to binocular visual stimuli typically show that one occipital region determines the dominant stimuli carrier while the other is suppressed [27] . When binocular stimuli are modulated at different temporal frequencies, binocular rivalry produces a characteristic counter-phase pattern in the SSVEP response signals from the two eyes: as the image in one eye becomes dominant, its cortical signal gains strength and the signal corresponding to the other eye weakens [28] .
Furthermore, visual attention in general is important for resolving competition between neural representations as the observer consciously perceives spontaneous alternations between the two images. While the role of visual attention in resolving inter-ocular competition remains unclear, it was shown that when attention was diverted away, binocular rivalry stopped [29] . Thus, attention is necessary for dichoptic images to be engaged in sustained rivalry and may be generally required for resolving conflicting, potentially ambiguous input and giving a single interpretation access to consciousness [30] .
In our study both eyes were stimulated using visual carriers with the same frequency and temporary different phase shifts. The experimental results show that the average phase difference between SSVEP response signals at electrodes O 1 and O 2 follows the phase difference within the binocular visual stimuli, while the electrode O Z labels the sum of both in the form of an intermediate phase. A major advantage of the proposed method is that it allows immediate determination of a given symbol, as opposed to the conventional phasecoded approach, where only phase differences between consecutive symbols can be detected, and therefore some sort of synchronization is needed before symbols can be determined. Further, an informal interview with the test subjects not part of the experiment showed that the proposed method is less disturbing for the user when compared to the conventional phase-coded approach.
The target application of the presented binocular SSVEPbased BCI is its use as part of a HMD. As current generation display panels do not support a high enough refresh rate to perform the required brightness modulation by the panels itself, it is instead proposed that the backlight of a LCD LED panel could be modified to support the presented BCI. This would require that the LED backlight of said LCD panel be modified as such to support direct modulation of the backlight and not the RGB display -by doing this, the RGB panel of the LCD display would be used to present information to the user, while the LED backlight would function as the modulated light source required to perform the presented SSVEP-based BCI (Fig. 2) .
II. MATERIALS AND METHODS
This study introduces a newly-proposed binocular visual stimulation method and corresponding detection technique, where each of the eyes is individually stimulated by a light signal. The two stimulation signals are generated with an identical same flickering frequency f while the phase relation between them is modulated by changing the phases ϕ 1 and ϕ 2 of the left and right eye stimuli, respectively. When measuring the EEG signals at electrodes O 1 and O 2 of the left and right occipital lobes of the scalp, it was determined that it is possible to detect the phase difference between the stimulus signal ϕ 1 and ϕ 2 by determining the phase difference of the SSVEP response. Fig. 3 shows the set-up and the paths of the signals for the newly introduced binocular SSVEP-based BCI.
This effect can then be exploited by the newly-introduced binocular visual stimulation to perform symbol coding, where different phase angle differences between the visual stimuli of the left and right eye are used to generate the corresponding symbols. Therefore the EEG signal at electrode O Z is not required during further signal processing steps as the introduced phase-coding only corresponds to the phase angle within the SSVEP response between the left and right occipital regions of the visual cortex. Furthermore, the suggested method is more pleasant for the user in comparison with other binocular stimulation techniques, where the eyes are stimulated by different flickering frequencies as it causes less uncomfortable sensations. In addition, using different phases for describing a number of symbols avoids frequency dependency of the SSVEP response as only one frequency is used.
As mentioned above, the symbols are defined as a phase angle n that corresponds to the phase differences between the left and right eyes' visual stimuli. Instead of using a common approach for creating visual stimulus flickering by toggling the light source between the ''on'' and ''off'' states over time, we use sine wave amplitude modulated light sources, where the amplitude of light regarding the visual stimuli varies over time according to the sine wave function when using frequency f . This reduces the phenomenon of higher harmonic components and consequentially lowers the total harmonic distortion of the SSVEP response, and in addition the common average intensity of the generated visual stimuli is controllable via a single feature. The relation between the both left and right visual stimuli is shown in Fig. 4 . The phase of the right eye's visual stimulus within the introduced phasecoded binocular visual stimuli remains constant over time, while the phase of the left eye's visual stimulus is shifted by the phase angle n according to the symbol being currently transmitted. The phase angle n of the currently modulated symbol remains the same for duration T V defined by transmitting a single symbol as a multiple of amplitude modulated sine wave periods at frequency f , and again will instantly shift to a new phase angle defined for the next symbol being transmitted. In such a way the visual stimuli becomes an alternating phase signal s(t) related to the sequence of symbols being transmitted.
The visual stimuli signal s n (t) for a single symbol with phase angle n can be described as
where T V stands for the time duration of the symbol; a is the amplitude and f the frequency of the common visual stimulus. The phase angles n of the symbols are uniformly VOLUME 7, 2019 distributed over the phase interval [0, 2π ). For a number of symbols M the corresponding phase angles n can be calculated using (2) .
Assuming that sine wave modulated visual stimulation with frequency f is applied, we can model the electrical signal at electrode number i that is acquired by the EEG amplifier as
The presented linear model consists of three parts [29] , where the first part represents the evoked SSVEP response signal, which consists of a number of sinusoids with frequencies given by the stimulus frequency and a number of higher harmonic frequencies. The second part of the model represents the sum of those noisy signals z j (t) with amplitude b i,j which cannot be attributed to the SSVEP response, like natural physical disturbances stemming from concurrent brain processes, while the third part represents the environmental and measurement noise components e i (t).
According to this model those phase-coded symbols which are modulated into the binocular visual stimuli using the common frequency f are reflected within the evoked SSVEP response signals at electrodes O 1 and O 2 of the left and right occipital lobes of the user's visual cortex. This can be described as
Assuming that the common frequency f of the binocular visual stimuli is placed outside the frequency band of the most rhythmic concurrent brain activity, we could minimize the influences of the noisy signals z j (t) from other brain processes. Furthermore, the influences of higher order harmonic components of the SSVEP response and broadband noise could be significantly reduced by a narrow band pass-through filter with a center frequency f . In addition, we assume that the SSVEP latency introduced by the visual information processing, which influences the phase part of the model is the same for both left and right channels, respectively.
Using these assumptions, the SSVEP response signals at electrodes O 1 and O 2 can be approximated as
and
Both signals y O 1 (t) and y O 2 (t) are converted into digital signals y O 1 (n) and y O 2 (n) by the EEG equipment at sample frequency f S . In order to obtain signals of the main harmonic frequencies f which are approximated using (6) and (7), both signals are filtered by band-pass digital filters with finite impulse responses (FIR). Digital FIR filters with linear phase response are selected for retaining the phase relation between both signals. Consequentially higher order filters are required in order to achieve an adequate relation between the appropriate bandwidth and stop-band attenuation. The phase angle between signals y O 1 (n) and y O 2 (n) reflects the actual phasecoded symbol of the binocular visual stimuli.
A symbol recognition procedure is proposed that is based on the phase correlation method for feature extraction, where the detected phase differences between signals y O 1 (n) and y O 2 (n) are further classified into one of the defined symbols using the observed frequency distribution of the aggregated phase determination values. In order to determine the phase correlation, both signals y O 1 (n) and y O 2 (n) are transformed into the frequency domain using Fast Fourier transform (FFT) with a sliding rectangular window, where the size of the window W , expressed as the number of samples, is equal to the ratio between the sample frequency f S and the common modulation frequency f of the visual stimuli , where multiplication and normalization are performed element-wise:
The normalized cross-correlation r is obtained by applying the Inverse Fast Fourier transform (IFFT)
The discrete phase shift between the windowed signals y O 1 (n) and y O 2 (n) is determined as the location of the peak value within the normalized cross-correlation vector r
As a result of the phase correlation method, the rate of the obtained phase shifts equals the frequency of the visual stimulus f , while each symbol is visually stimulated for duration T V . As a consequence, for each detected symbol multiple independent phase shifts are further aggregated into bins for each duration T V using tabulation scheme so that each bin encompasses one of the defined symbols S n 48916 VOLUME 7, 2019 within the phase interval of [0, 2π ). Thereby the observation frequency distribution F( ) is constructed, which is further used to recognize visually stimulated symbols. The recognized symbol at interval T V is determined by selecting the symbol S n with the most occurrences:
A. VISUAL STIMULATION Appropriate binocular visual stimuli for this experiment were generated using a specially designed HMD, which is capable of producing full color light stimulation of both eyes independently [31] . The left and right eyes' light sources are based on optically uniform arrays of full color LED triplets (Fig. 5 ) to operate using non-spatial feature attention only [32] , [33] . Each stimulus (separately for each eye) provides amplitude modulation and phase control within a frequency range up to 100 Hz for independent red (R), green (G) and blue (B) color components at wavelengths of 621 nm, 528 nm, and 470 nm respectively. The intensity control of the RGB LED light sources is achieved by a synchronized multichannel pulse-width modulation (PWM) using resolution of 8-bits at a higher frequency of 62.5 kHz. The device is powered and controlled over the universal serial bus (USB), where the binocular visual stimuli are controllable by a computer and a dedicated application. The device is presented at the driver level as a Human Interface Device (HID). All primary color components for this experiment were modulated evenly by a sinusoidal function at a frequency of 16 Hz in order to perceive white stimuli, where intensity proportions of the color components had been adjusted according to the average spectral sensitivity of the normal human eye which is approximated using the luminous efficiency function V (λ) for photopic vision. The coding of the symbols within the binocular visual stimulation is performed by modulating the phase difference between the left and right visual stimuli according to the currently transmitted symbol. This is achieved by delaying the left eye's stimulus in regards to the right eye's stimulus with respect to the required symbol's phase shift (Fig. 6) . The visualization time of each particular symbol is extended to certain duration T V by repeating it multiple times (periods). For this experiment the time to convey or visualize each of binocularly phasecoded symbol, T V was set to 2 seconds, thus it is repeated for 48 times. The visualization time of symbols was defined experimentally to obtain reasonable results.
B. SIGNAL ACQUISITION
The resulting SSVEP response of the provided binocular visual stimuli was obtained as EEG signaling of the left and right occipital regions at electrode positions O 1 and O 2 according to the international 10-20 electrode system. The EEG signals were acquired by a wireless EPOC headset from EMOTIV [34] at a matched sampling rate of 128 Hz as raw 14-bit digital recordings without any additional digital signal pre-processing, except resampling and filtering with the builtin narrow band-stop (notch) filter that attenuates the 50/60 Hz mains interference and power line noise. The EPOC system uses wireless communication between the headset and a USB data recording device via a proprietary 2.4 GHz protocol, and is using gold-plated, passive electrodes to provide contact to the scalp through saline-soaked felt pads. The impedance of the electrodes was kept below 10k ohms. For the purpose of recording the SSVEP response we have designed a tailored program for signal acquisition written in C# using a system development kit (SDK) provided by EMOTIV.
C. SIGNAL PROCESSING
Initially, both digitized EEG signals, which are acquired at electrodes O 1 and O 2 , are filtered in order to extract the primary frequency components described by (6) and (7), which carry the binocularly phase-coded information, and to diminish all other unwanted signal components within the evoked SSVEP response described by (4) and (5) . For this purpose a narrow 128th-order FIR band-pass filter was designed, having a unity gain at a center frequency of 16 Hz, VOLUME 7, 2019 a bandwidth of 1.28 Hz, and an average stop band attenuation of about 65 dB. Due to the high order filtering, additional latency is introduced into the processing path of the system, but the phase relation between both processed signals remains the same as FIR filters with same and constant group delays are used.
After the initial filtering both signals are windowed by a sliding rectangular window W with size of 8 samples, which is given as the ratio between the sampling frequency of the SSVEP response and the frequency of the binocular visual stimuli (8) . This ensures that exactly one period of the visual stimulus sinusoid is acquired by a single window. Furthermore, both windows are amplitude-vise normalized to unity value, which is necessary because the amplitudes and offsets of the acquired SSVEP signals can vary due to various influences and as such have a negative impact on the accuracy of the result from phase correlation. Due to normalization, the relation between the amplitudes is lost, but it improves further detection of the phase difference (Fig. 7) . At the next stage the phase correlation is calculated between the samples representing both pre-processed signals, acquired at electrodes O 1 and O 2 . The phase difference is determined by finding the argument of the maximum value within the phase correlation resulting vector.
The data rate of the phase determination equals the frequency of the binocular visual stimuli. If any kind of subsample analysis is omitted, then the highest obtainable phase resolution of the phase correlation method equals to the size of the processing window, which gives a phase resolution of π/4 radians for the proposed experimental set-up. On such basis, eight symbols were defined for this experiment within the phase interval of [0, 2π ) using the given coding scheme (Fig. 8) .
The detected phase differences (shifts) are further classified into symbol groups by their value according to the given coding scheme. The observations for this experiment were performed synchronously to the visual stimulus. Thereby, a recognized symbol S n is determined at each interval T V by selecting the symbol group with the greatest number of occurrences.
EEG signaling of the SSVEP response to binocular visual stimuli was recorded and further processed offline using a signal processing chain designed for Matlab (Fig. 9) .
A simple classification procedure was used for the offline symbol recognition, which determined the recognized symbols synchronously with the binocular visual stimulation at time intervals T V of 2 seconds. The detected phase differences (maximums of calculated phase correlation vectors) were classified into bins representing the predefined consecutive and non-overlapping phase intervals according to the coding scheme (Fig. 8) . Finally, the bin with the greatest number of occurrences was selected as a recognized symbol.
D. EXPERIMENTAL PROCEDURE
The ITR measurements of the proposed binocular visual communication channel were conducted with the help of 10 healthy volunteer subjects at ages between 18 and 30 years without any known neurological, sight or overall health problems at the time of the experiment. Written informed consent was obtained from all volunteer subjects. In addition to this, none of the 7 male and 3 female subjects had any previous experience with SSVEP-based BCI and they did not receive any financial reward for participating in this study. The experiment's protocol was determined in advance and was the same for all subjects. The ITR measurement of each individual subject lasted for 32 seconds in total and was accomplished by binocular visual stimuli of 16 successive symbols with symbol visualization times of 2 seconds each. A set of 8 different symbols was spread randomly over the entire visualized sequence of 16 symbols (Table 1 ) in advance to ensure that different phase changes between successive symbols are present and each of the symbols occurred at least twice.
Detection accuracy and achieved ITR, which are the most commonly used system based BCI performances, were evaluated offline. The overall averaged classification accuracies of the phase-correlation output at high data rate (classification into symbol bins) for each binocular symbol within the complete visualized test sequence are summarized in Table 1 .
III. RESULTS
As there are many ways to implement a BCI which is based on SSVEP response, the most convenient way to compare them is to evaluate the newly-defined communication channel by its achievable ITR. A variety of metrics have been proposed for evaluating such systems and ITR is the more popular method [35] , which is a simplified computational model based on the Shannon channel theory under several assumptions [36] :
where B t is calculated in bits per trial, N is the number of possible symbols and p is the probability that the desired symbol will be selected, also called classification accuracy or detection success, which can vary between 0 and 1. Classification accuracy p is calculated in traditional way and is defined as the number of correctly classified symbols divided by the total number of classified symbols. It is important to notice that the number of symbols in this experiment is the number of different phase shifts (N = 8) according to the given coding scheme. Since all eight symbols can be (erroneously) classified independently, it could be assumed that all symbols are equally probable, as it is in fact done in the absolute majority of the BCI studies [18] . Furthermore, the proposed BCI system is also memory-less and therefore the preconditions of using (13) are met [37] . The symbol visualization time T V is considered in the calculation of the ITR in bits per minute (B m ). This leads to the conventional ITR calculation in bit/min (bpm):
where T V in seconds is the time needed to convey each symbol. The highest theoretically achievable ITR for this experiment at the high rate phase-correlation output can therefore be roughly calculated as 1440 bit/min, while assuming that the minimum time between two consecutive symbol classifications equals 125 ms. To increase the achievable symbol classification success rate, which is typically fairly low at such high rates, the visualization time of each individual symbol in the test sequence is prolonged to duration of 2 s by simply repeating it for 16 periods. Therefore, the achievable ITR for given experiment in best case, where classified symbols are determined synchronously by selecting the symbol bin with the greatest number of occurrences in intervals of 2 s, can be estimated as 90 bit/min:
Classification accuracies for different symbols periods at the high rate phase-correlation output vary considerably in range between 40% and 78%. The lowest classification accuracies of phase differences are obtained at symbols groups S 3 , S 4 and S 5 , which are binocularly coded with (or nearby) anti-phase signals (180 • phase difference between left and right eye). When the eyes are stimulated using binocular stimuli with opposite phases (or nearby opposite phases), the SSVEP response signal at O Z is effectively nullified, resulting in a decreased sensitivity of the phase difference measurement between the SSVEP response signals in the O 1 and O 2 . Furthermore, the first visualized symbol S 0 within the test sequence also marks lower classification accuracy, which is related to lack of initial visual attention (generally required for resolving conflicting input and giving a single interpretation) as most of the test subjects reported ambiguous input at the beginning of the test sequence. However, the greatest numbers of occurrences of classified symbol periods at the phase-correlation output are labeling the actual symbols being visualized.
The offline results of the performance measures of individual subjects are summarized in Table 2 , including the number of successfully recognized symbols N , accuracy P and ITR. Values given for N are obtained by counting the correctly recognized symbols within the complete visualization sequence for each of 10 subjects, where symbols are determined synchronously by selecting the symbol bin with the greatest number of occurrences at the end of the visualization interval of 2 s for each of 16 symbols. Reasonably, the obtained accuracies P for the complete symbol visualization intervals are higher in regards to the accuracies at the high rate phase-correlation output, which are based on classification of individual symbol periods.
The accuracies achieved by individual subjects vary considerably within the range from 75% to 100% with an average performance of 90.63%, leading to ITRs within the range from 44.61 to 90 bits/min with an average of 70.55 bits/min.
It should be noted that the previously presented ITR is applicable to the single-target offline scenario, which was used for during the experiment. To compare this method with other online BCI systems, the ITR must be corrected with the consideration of the gaze shifting time, which was determined to be approximately 500 ms (a value typically used in other BCI research papers [38] ). With this, the multi-target online ITR can be calculated according to the following equation:
As a consequence, the average compensated online ITR has been determined to be 56.44 bits/min. As such, even at lower classification accuracies, the results are completely comparable to similar single frequency systems, yet still fairly low. In addition, real world events like instability over time, noise sources and distraction, and multiple target coding will impair performance in online operation.
IV. CONCLUSION
In this paper, a method of binocular visual stimulation for BCI based on SSVEPs using phase-coded symbols is proposed and evaluated offline using an experimental system setup. The offline results presented in this study mainly present feasibility to use binocular visual stimuli with phase-coded symbols, where SSVEP response is elicited by visual stimulation from a binocular spatially uniform HMD using LED arrays. To obtain reasonable online performances of the proposed system, multiple target coding is needed in the future, which requires a certain level of spatial diversity within the visual stimuli. Thus, spatial visual cross talk will additionally affect the online performance in regards to the presented offline results. Future research will include the development and testing of an online system in order to study before mentioned effects and to determine the online performance. For modern 3D visualization technologies within the domain of virtual or augmented reality applications, spatial diversity or multitargeting can also be achieved differently by changing or controlling the virtual field of view. From such a perspective, there are possibilities to use single target approach to create new modality in virtual or augmented reality domain by triggering actions on visualized objects, which are visually coded differently but not displayed simultaneously within the same field of view.
In general, the resulting system provides a robust response to binocular visual stimuli and the detection of phase-coded symbols with average symbol recognition accuracies of over 90%, where binocular phase-coded symbols using antiphase signaling (180 • degrees) provide lower sensitivity and accuracy of phase detection due to interferences between EEG response signals of both occipital regions at electrodes O 1 and O 2 .
Nevertheless, the phase-coded BCI systems have the advantage of avoiding the amplitude-frequency problem and allowing more flexibility regarding system design. The achieved performance results on ITR and accuracy could be improved by increasing the EEG sample rate and consequently the oversampling ratio between the EEG sampling frequency and the frequency of the binocular visual stimuli as more binocular phase-coded symbols could be defined including hybrid multi-frequency approach thus increasing the ITR performance. A shorter visualization interval per symbol would also result in higher ITR but also reducing the classification accuracy. Therefore, for online performances, the balance between the required interval for symbol visualization and system performance needs to be further studied.
The positive characteristics of the proposed system are low user variation and easy setup, while parameter optimization is not required. Because both eyes are exposed to the same frequency of the visual stimuli, the unpleasant user's experience with the visual stimulation is also reduced to a certain level, which is normally caused by independent flickering lights at lower frequencies normally used by common hybrid frequency and phase coding methods to maximize the differentiation of visual stimuli.
The advantage of the proposed concept of SSVEP-based BCI with binocular visual stimulation and binocular phasecoded information is the possibility of being adapted to modern 3D visualization technologies like binocular HMDs, where a new communication modality can be created, providing more immersive interaction and improving the intuitiveness of the user's experience.
